L iquid velocities were m easured by laser Doppler velocimetry for a standard Rushton turbine and an axial-¯ow M ixel TT agitator, with a stream of liquid, having a volumetric¯ow rate such that the residence time was approxim ately 1/10 of the m ixing time, being fed continuously in the agitated vessel. Measurem ents taken in the feeding-tube plane showed a major disruption of the¯ow pattern, especially of axial velocities, due to the continuo us liquid stream . The incoming liquid jet com bined with the stream discharged by the im peller in a com plex 3-D way; however, the disruption of the¯ow gradually attenuated, and m easurem ents taken in the plane rotated 908 clockw ise indicated a¯ow pattern, with characteristics like velocity magnitudes, turbulence intensity and energy dissipation, similar to the batch case (with no through¯ow ).
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INTRO DUCTI O N
The optim ization of stirred-vessel processes com prises, am ong others, the study of¯ow phenomena and especially the¯ow patterns induced by the various agitators, since they m ay affect considerably the outcom e of the process. Laser Doppler velocimetry has become the establ ished technique for mapping the¯ow s in agitated vessels, for simple or com plex agitator-vessel system s (see references 1 ±5 for a selection of recent LDV-related papers).
How ever, although in real life agitated vessels are often used in a continuous operating m ode, LDV studies have concentrated m ainly on batch systems, with very little work on continuo us-¯ow systems: Benayad et al. 6 measured velocities as well as concentrations in an agitated vessel, but reported only some of the LDV measurements m ade around the region of the im peller. In this work, laser Doppler velocimetry was used to determine the¯ow patterns induced by a Rushton turbine and an axial impeller, the M ixel TT, and more speci® cally their distortion due to an incoming liquid¯ow.
EXPERIMEN TAL APPARATUS AND PRO CEDURE
The velocity measurem ents were performed in a cylindrical vesse l, with an inner diameter (T) of 190 m m, and a liquid height (H) equal to T (Figure 1 ). The bottom of the vessel was dished, with a radius of curvature of 190 m m.
The vessel was equipped with four baf¯es (b W = T/10).
The velocities were measured with a two-beam Dantec
Fiber¯ow system , operating in the backscattering m ode. The measurement points were located in the vertical midplane between two neighbouring baf¯es (h = 458 ). For more details about the instrum entation used for these measurem ents, see reference 7. Seeding was necessar y in order to obtain a relative ly high rate of validation; the problems assoc iated with particle seeding will be discusse d in the Appendix.
The values of instantane ous velocities (U i , i = r, z, or h ) were stored and numerically processed to extract the m ean U i and the r.m.s. values (u): The water used during the measurem ents was plain tap water; a calibrated rotameter was used both to observe and control the water volumetric¯ow rate. The liquid stream was introduced in the vessel through a copper tube, having an i.d. of 10 mm , located in the mid-plane between two adjacent baf¯es, 43 mm away from the agitator shaft and with its tip 153 mm from the vessel bottom. The opening for the water out¯ow was located at the bottom of the vessel, with a special Te¯on disk with holes ® tted in it to allow water to¯ow out and to enable the m aintainance of the shaft in position.
In order to choose a value for the volumetric¯ow rate of the incom ing water, it was necessary to estimate the appropriate m ean residence tim e (s ) of the liquid; this varies over an extrem ely wide range in such vessels, so use was made of a typical value 8 of s /t m of approxim ately 10.
For the mixing tim e (t m ), there is a considerable literature with several empirical equations, relating the dim ensionless term N´t m to various process parameters 9, 10 ; how ever, since an order-of-magnitude estimate was only required, use was m ade of a simple relation for their ow n measurements (
RES ULTS Ð DISC USSION
The that the symm etry existing usually in cylindrical agitated vessels is now disrupted; therefore, one has to take m easurements in several planes in order to determ ine the effect of the liquid input on the¯ow pattern. For this study, it was decided to measure velocities in two planes:
· the one comprising the feeding tube. M easurements were taken along the radius`CD' , with the feeding tube in positioǹ A' (Figure 1) ; only the radial and axial components of the velocity vector were obtained; and · in the plane in front of the`feeding' plane. In this case, by leaving the feeding tube at position`A' and focusing the laser beams along the radius`CE' , it was possible to m easure the axial and tangential velocity vector com ponents; then, by m oving the feeding tube to position`B' (behind the agitator shaft) and by focusing the laser beam s along the radius`CD' the radial component was also obtained. 
Velocity M aps an d Flow Patterns
The Rushton turbine The Rushton turbine usually produces a radially-ejected jet which, com ing close to the vesse l walls, separates into two stream s, one¯ow ing towards the lower and the other towards the upper part of the vessel (see velocity distributions in reference the axially-directed¯ow , entraining downw ards the liquid near the tip of the feeding tube ( Figure 2 ). The radial velocity show s little change Ð practically only a region of negative U r on the right of the tube Ð illustrating a suction effect of the incoming stream on its surroundings; on the lower side of the turbine, the¯uid seem s to form a shallow circulation loop, seen by the inwards-directed (negative) U r . Figure 3 illustrates the distribution of the three velocity vector com ponents from measurem ents taken at the plane of radius`CE' (see Figure 1a) , which lies 908 rotated with respect to the previous,`CD' plane; the no-through¯ow distributions 7 are also illustrated to facilitate the comparison. Given the clockwise rotation of the impeller, as seen from the top of the vessel, it was expected that the effect of the incoming¯ow would be noticeable in this plane. The changes brough t to the¯ow patterns in the vessel by the incoming liquid stream may also be illustrated by plotting the axial, radial and tangential velocity com po- from the upper or lower edge of the impellers, respectively, whereas the side (radial or tangential) velocities are those m easured at a distance of 11.5 mm from the side of the impeller (9.5 mm in the case of the batch-conditions data). The distribution of U r , com pared to the`batch' results, show s a minor but distinct effect (Figure 3 ). High outwards radial velocities are again found at the radial edge of the turbine blades, but the peak of the pro® le is slightly m oved downwards ( Figure 4) ; negative velocities thoug h were seen on the two sides of the turbine disk, indicating an inwardsdirected¯ow , whereas in the batch case the outwards character of the¯ow was maintained on both sides of the turbine.
In the upper part of the vessel, axial velocities are similar to those without liquid through¯ow 7 , but with a slightly higher m agnitude ( Figure 3) ; in the lower region of the vessel, axial velocities tend to be higher towards the edge of the turbine. In the feed plane (`CD' ), U z are distinctly affected by the incoming stream (Figure 4 ), whereas this effect is practically lost in the front (`CE' ) plane. On its lower side, the suction effect of the turbine is reduced even in the front plane (Figure 4) , as seen by a shorter``pivot' ' point, i.e., the point of¯ow direction reversal, approxim ately at r < 70 m m as com pared to r < 80 m m for the batch case, indicating that the combination of the downward incoming stream with the strong tangential jet has resulted in a translation and rotation of the down ward stream .
Tangential velocities seem to be the ones most affected by the presence of the incom ing liquid stream. In the batch case ( Figure 3 ; lower part), U h is high at the edge of the impeller and close to the rotating shaft. In the present case, the region of high U h at the edge of the im peller is widened towards the lower part of the vessel ( Figure 5 ), a region of high tangential velocities is noticed at the height corresponding to the tip of the feeding tube ( Figure 3 ; upper part), and ® nally a¯ow reversal seems to have taken place, with negative U h in the upper left part of the vessel, close to the agitator shaft. The effect of the continuo us liquid stream is also seen in the pro® le of the tangential ow angle: on the side of the turbine ( Figure 5 ). An increase in h
indicates that the tangential¯ow becomes predominant;
values of h > 908 indicate that¯ow is directed towards the im peller (negative U r ) rather than away from it. Therefore, in the case of the front-plane velocities, it seem s that the incom ing liquid stream, combined with the rotational jet being ejected from the turbine, is forcing liquid back towards the lower side of the turbine, shortening dram atically the local¯ow loop. It is also possible to illustrate the changes brough t by the liquid stream by drawing the pseudo-2D distribution of U rz , which is calculated from :
(4) Figure 6 shows the strong axial velocities due to the incom ing liquid jet and the way these affect the direction of the¯ow in this plane, especia lly the radial one. In the 908 -rotated plane, on the other hand, it seems that the effect of the incoming stream has weakened, with only a small new circulation loop established just at the edge of the radially-ejected stream .
These slight but signi® cant changes in the distribution of velocities indicate that the two stream s, the one ejected radially from the turbine and the one being fed downwards from the tube interact in a com plex 3-D way: in the same plane as the feeding tube, a suction effect was m ade evident in the vicinity of the tip of the feeding tube, the Rushton turbine seems to be enhanc ed, as if the incom ing stream is diverted towards the 908 -rotated plane. The change in direction of the tangential¯ow in the upper part of the vessel could possibly be an indication of distortion caused by the strong suction effect of the incom ing jet.
The M ixel TT agitator
This is an agitator usually characterized by its axiallydischarged¯ow 7 . The presence of the continuous liquid stream affects again the distribution of velocities in the feeding-tube plane ( Figure 7 ): positive radial velocities on the upper side of the TT show a¯ow directed towards the edge of the impeller, drawn by the downw ards incoming liquid jet (compare with the radial velocity distribution for the batch case in Figure 8 ). Negative U r on the right of the feeding tube indicates also liquid being drawn towards the incom ing jet. Interestingly, negative radial velocities were also found on the underside of the TT, possibly indicating that the incoming liquid jet is combined with the inwards-¯ow , which is usually found in the upper part and the side of the TT; this combined¯ow m ay then cause an obstruction to the TT-discharged¯ow , causing this change in direction. Figure 8 illustrates the velocities measured in the 908 -rotated plane and com pares them to the no-¯ow (batch) case 7 . Here, again, radial velocities on the underside of the TT seem to have been affected, with a change in U r direction, possibly due again to the downw ards and inwards¯ow com bination. On its side, radial velocities are reduced towards the lower edge of the TT (Figure 4) , whereas in the front plane the pivot point is found in a slightly higher position, indicating a change in¯ow pattern around the agitator brough t by the incoming liquid stream . Axial velocities are also obviously affected, with higher velocities on both the upper and lower side of the TT ( Figure 4) ; this is probably due to the addition of the incom ing liquid¯ow to the liquid drawn in by the impeller itself.
Finally, tangential velocities seem to be more affected. In the batch case, the tang ential character of the¯ow was
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Tr ans IChem E, Vol 75, Part A, Novem ber 1997 Thus, the addition of the downw ards liquid stream affects slightly the¯ow pattern induced by the TT agitator, but this effect is seen m ainly in the feeding-tube plane; the velocities in the 908 -rotated plane seem similar to the batch case, except for a slight change in direction, possibly due to thē ow distortion brough t by the com bination of the downwards-axial liquid stream and the tangential¯ow around the im peller. These changes are m ore clearly seen in the pseudo-2D¯ow patterns (Figure 9) .
From the measurem ents taken in the 908 -rotated plane, the`total' velocity (U tot ) was calculated Ð adjusting equation (3) to take into account all three velocity vector com ponents. Figure 10 illustrates the distribution of U tot for both agitators. It is apparent that the disruption caused by the presence of a liquid continuous-¯ow stream , as seen in Figures 6 and 9 , seem s not to propagate in the vesse l: in the plane rotated 908 with respect to the feeding-tube plane, little effect of the additional axial¯ow is noticeable any m ore.
Pum ping Flow Rates
The availability of detailed velocity data, especially around the agitators, m akes it possible to investigate the effect of the incoming stream on the pumping¯ow rate of the agitators. The calculations are sum m arized in Table 1 .
If the calculation of the pumping¯ow rate (Q P ) is based on the value of N Q P , as stated above, which was determined in batch conditions, then the¯ow rates for both agitators (Q P ,R ush to n = 2.2 l m in -1 , Q P ,T T = 1.9 l min -1 ) are found to be about one third of the incoming¯ow rate. However, it is possible to calculate Q P using the experim ental velocity pro® les from the present, continuous-¯ow m easurem ents, using, for example, the axial velocities. In the case of the Rushton turbine, liquid drawn in from the upper and the lower sides of the agitator is ejected sideways. Therefore:
where:
The use of equation (6) These results indicate that the value of N Q P , as obtained in batch conditions, m ay not be used to calculate the pumpinḡ ow rate of the agitators, since the loss of axial sym metry in the vessel, due to the presence of the incom ing stream, affects the velocity pro® les and hence the¯ow rates, too. An accurate calculation of Q P would require use of axial velocity data from several planes and an appropriate integration instead of the use of the coef® cient`2p ' in equation (6) .
Tu rbulence Ch ar acteristics
From the available experim ental data the turbulent com ponent or r.m.s. velocity (u i , i = r,z,h ) were also calculated. Figures 11 and 12 illustrate the distribution of u i for the feeding-tube and the 908 -rotated plane, for both agitators. In the feeding-tube (side) plane, the r.m.s.
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Tr ans IChem E, Vol 75, Part A, Novem ber 1997 velocities are of the sam e m agnitude everywhere, except the region below the tip of the feeding tube, where obviou sly the high axial velocity gradients generate high turbulence levels. Sim ilar results are also observed for the 908 -rotated plane, with equivalent r.m .s. values for the three velocity vector com ponents. It m ay therefore be concluded that, except in the im mediate region of the¯ow disturbance, it seems that turbulence isotropy is maintained in the continuo us-¯ow agitated vesse l, too.
It is also possible to calculate the turbulence intensity (I):
The calculat ions were perform ed only for the 908 -rotated plane. Figure 13 illustrates the results and compares them to the batch-case data 7 ; for both agitators, the turbulence intensity is high in regions of low mean but high turbulent velocities or where high velocity gradients exist (as is the case for the region below the tip of the feeding tube). The overall distribution of I, however, is approximately similar Ð whether for the feeding-tube or the 908 -rotated plane or the batch case Ð indicating again a weak effect of the incom ing liquid stream on the¯ow pattern.
Energy Dissipation
The values of r.m.s. velocities were also used to estim ate the distribution of energy dissipation; for this, the following equation was used:
where L is a characteristic length and A is a proportionality factor; taking into account the extensi ve analysis of Kresta and W ood . As expected, the maxim a of e * appear in the high-velocity regions, i.e., in the region below the feeding tube and at the discharge of the im peller. The energy dissipation is of approxim ately equal m agnitude for the 908 -rotated plane and the batch case, indicating again that the effect of the continuous liquid stream is quickly attenuated.
CON CLUS IONS
Laser Doppler velocity m easurements were performed in an agitated vessel equipped with a continuously-¯ow ing liquid stream, in order to determ ine the effect of the continuous mode of operation on the¯ow patterns established in the stirred vessel. Experim ents were done with a Rushton turbine and a Mixel TT agitator.
The presence of the entering liquid stream , which in this work was fed axially downw ards, at the m iddle of the upper part of the vessel, in the 458 -plane between two adjacent baf¯es, affected strongly the axial velocities in the vicinity of the feeding-tube tip. In the case of the Rushton turbine, this stream interfered also with the liquid stream ejected radially, causing a slight change in the 3-D ow pattern establ ished in the vessel, as seen from the magnitude and the direction of the¯ow .
The major conclusion of this work, however, is that the disruption of the¯ow is gradually attenuated as one moves in the vessel; m easurem ents taken in a plane rotated clockw ise by 908 with respect to the feeding-tube plane indicate that the¯ow pattern, the intensity of turbulence and the energy dissipation closely resemble those observed in the batch case (without any continuous-¯ow liquid stream). Given the strong rotational character of the¯ow in a stirred vessel, it would be interesting to investigate whether a change of feed direction, for exam ple by altering the tip of the feeding tube so that liquid is fed tangentially, cocurrently or couter-currently, would have a more pronounced effect on the¯ow patterns.
APPENDIX: THE PROBLEM OF PARTIC LE SE ED ING
In laser Doppler velocim etry, velocities are measured by determining the velocity of m inute solid particles carried by the m edium. In the case of m easurements in water, it is custom ary to add a sm all am ount of small particles, having a typical diameter < 15 l m, in order to have a relatively high and accepta ble validation rate.
In the case of continuous¯ow system s, however, some of the particles will leave the vessel with the out¯ow ing stream and thus their concentration in the vessel will gradually diminish, affecting the validation rate. It is therefore necessary to add from tim e to time some seedi ng particles. In this work, the experimental conditions (manual control of the liquid¯ow s in and out of the vessel, of the speed of rotation and of the validation rate) m eant that the concentration of particles som ehow¯uctuated. Figure 15 (top) illustrates the consequences of an unsteady particle concentration: the cum ulative validation tim e, which in principle should be as close as possible to a straight line, show s a distinctive decrease in gradient, a product of a lower particle concentration and a resulting loss of effective validation. This is even more apparent in Figure 13 (bottom) , where the delay between two consecutive validations is plotted. Here, the distinct phases of the experiment may also be deduced: initially, high particle concentrations were maintained, with quasi-periodic additions, but later on the concentration dropped considerably, hence the decrease in the gradient of the cumulative validation tim e curve, and, after the amount of particles added, subsequent ly seem s to have been lower than in the beginning.
It is estim ated that these¯uctuations do not affect the validity of the results related to the m ean and r.m.s. velocity determined from the measurem ents. Howeve r, in the spectral analysis, which is usually necessary for the determination of scales of turbulence and local energy dissipation rates, it is absolutely necessar y to have a constant particle concentration, so that the sampling rate, or the time between two consecutive validations, may be approximately constant. It is interesting to note that Be nayad et al. 6 do carry spectral com putations, without reporting any details about particle seeding conditions. Therefore, unless a techniqu e allowing for the steady addition, trickle-wise, of particles into the vessel is installed, great care is necessary in determining whether the validation rate has been steady before the continuou s-¯ow measurem ents are used to estimate the spectral characteristics of thē ow . 
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